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Abstract 
It has been highly recognized heavy metals pollution concerns the environment, as well as human health. Mercury (Hg) pollution 
has greatly increased and been considered as a global pollutant because of its long residence time in surrounding. This paper  
describes the rapid detection of mercury using laser breakdown time-of-flight mass spectrometry at high sensitivity without 
fragmentation interference from other species. Two irradiation wavelengths 1064nm and 532nm were employed under various 
experimental conditions. The second harmonic 532nm performs excellent measurement results. The influence of pressure on 
mercury signal intensity displays a liner growth when increasing the pressure. These results also show as the laser power increased, 
nitrogen signal intensity increased, but mercury signal intensity increased first and then decreased. Experiment with different buffer 
gases clarified the recombination of Hg ions and electrons when increasing the laser power, resulting in the decrease of mercury 
signal intensity. According to these measurement results, the method of enlarging focus area and reducing laser power by tilting the 
focus lens was applied to decrease the recombination rate to enhance the detection limit. It is demonstrated that the detection limit 
with 1ppb can be acquired facilely.    
© 2013 The Authors. Published by Elsevier B.V.  
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1. Introduction 
With the development of economy, the environmental pollution is becoming increasingly severe and much more 
attention should be paid to the issue [1-3]. In recent years, various heavy metals pollution incidents, such as the 
pollution of Pb, Cd, Cr, Hg, As and so on, result in serious influences on environment and human health. The major 
sources of heavy metal contamination include industry, traffic and domestic waste, which pollute the soil, water and 
atmosphere. The atmosphere as an important part of the urban environment suffers from human interference. It is 
imperative to detect heavy metals exiting in complex substances in the atmosphere. As mercury is widely used in 
various industries, mercury pollution or its potentiality is one of the serious environmental problems concerning 
human health. There are mainly three existing forms of mercury, including metallic, inorganic and organic mercury, 
which can deposit to atmosphere, terrestrial and aquatic ecosystems endangering human health directly or indirectly 
[4-7]. The toxicity of mercury is highly dependent on its chemical form, organic mercury being more toxic than the 
inorganic forms. Several papers have reported the measurement of mercury in different applications [8-10]. Because of 
the low concentration of mercury in surrounding, enrichment and separation are essential to analyse the contamination 
using conventional methods, however these procedures usually take long time. On the other hand, due to the 
restriction of detection limit these methods cannot obtain satisfactory results in some applications. 
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Laser-induced breakdown spectroscopy (LIBS) is an analytical detection technique based on atomic emission 
spectroscopy to measure elemental composition. With the development of laser and detection systems, LIBS has been 
applied in various fields, including combustion, metallurgy, foods and human [11-14], etc. Especially, the advantages 
of the method are more significant in the areas of combustion, metallurgy, and the harsh environment. However, LIBS 
applicability cannot reach the trace species detection needs because of its detection limit.  
Time-of-Flight Mass Spectrometry (TOFMS) is an appealing technique for qualitative and quantitative analysis of 
atom and molecule with the features of increased sensitivity and rapid analysis. The detection limit of measured 
species using TOFMS is often ppb or less. TOFMS has been applied to measure hydrocarbons and nanoparticle 
constituents with low concentration range of ppb - ppt [15-19], as well as waste disposal and treatment plant [20,21]. 
There are other developed TOFMS applications in several fields, such as medical and pharmaceutical fields [22,23]. 
The method of laser ionization using a vacuum ultraviolet wavelength can result in a signal-photon ionization (soft 
ionization) process with a minimum amount of fragmentation. This usually makes the measurement system much 
more complicated. Resonance-enhanced multiphoton ionization can cover the shortcomings of soft ionization using 
resonance states as steps to the ionization energy levels.  
Considering the features of TOFMS, fragmentation and signal intensity are the important factors for sensitive 
measurement. In order to eliminate or minimize the interference of fragmentation to heavy metals, the method of laser 
breakdown combined with ionization time-of-flight mass spectrometry was employed in our study. The laser is 
introduced to break down the measured species and ionize to detect ion signals using TOFMS.    
2. Theory 
In LIBS process, a laser beam is focused onto a small area, producing hot plasma. The material contained in plasma 
is atomized, and light is emitted corresponding to a unique wavelength for each element. A detector records the 
emission signals from excited atomic and ionic species. Here, laser breakdown combined with ionization to atomize 
the molecules and then ionize. In TOFMS system, a measurement sample is introduced into a vacuum chamber and it 
is atomized and ionized by laser irradiation. The electric field potential is simultaneously applied for acceleration of 
ions. The accelerated ions enter the drift region with no potential difference and undergo uniform motion. Differing 
from the emission detection of LIBS, an ion detector records the signals of ionized species and ion counter takes over 
to digitize and display the results. Due 
to their kinetic energy. The following formula is established by the energy conservation law [24]: 
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In the above expression, z is the ionic valence, V is the acceleration electric field potential, m is the ion mass, L is 
the ion distance of flight, t is the time of flight. 
TOFMS distinguishes the ions of different atoms or molecules based on their arrival time to ion detector. The 
following relationship between the ion mass and the time of flight can be expressed from Eq. (1).  
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3. Experimental apparatus 
The schematic diagram of the experimental apparatus in this study is shown in Fig.1(a), consisting of sample 
containers, nanosecond lasers, jet chamber, test chamber, flight chamber, ion detector and auxiliary equipment. One 
nanosecond laser employed is a pulse energy Nd:YAG laser (Quanta-Ray Pro, 10Hz and Quantel Brilliant b, 10Hz) 
operating at fundamental radiation 1064nm and second harmonic 532nm with different pulse energy. Another 
nanosecond laser is a pulse energy Nd:YAG laser (LS-2137U, 10Hz) operating at fourth harmonic 266nm. For the 
measurement of heavy metals, the jet chamber was used to ensure heavy metals go straight ahead to test chamber. The 
temperature of gas inlet and outlet pipes was controlled at 150 . There are two turbo pumps (Pfeiffer vacuum, MVP 
055-3) belonging to test chamber and flight chamber respectively. The pressure in the test chamber is an important 
parameter as an indicator under different experimental conditions. 
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Measured heavy metals are generally present in various mixtures or as the molecules with other elements, such as 
particles and hydrocarbons from exhaust in industries. In this system, there are three main samples including mercury,
hydrocarbons and fine particles of fly ash. As for particles, Andersen cascade impactor was used to separate the 
particles according to particle diameter, which employs the impacting method with multistage and porous jet nozzles
and can measure the granularity distribution of aerosol according to aerodynamics. Diameter of particles gradually
decreases from top down. The influence of different wavelengths 1064nm and 266nm breakdown was demonstrated 
using hydrocarbons, the mixture of p-C7H6Cl2, C7H8, C6H5C2H3, p-C8H10, p-C6H4(C2H5)2 and C6H3(CH3)3, introduced 
from another pipe to jet chamber. The gaseous mixture of Hg with buffer gas, such as N2, Ar and He, was fed into the
jet chamber from the constant-temperature bath according to the vaporizing temperature of mercury. Diluent gas N2
was used to reduce the concentration of Hg introduced to the jet chamber. The dilution ratio was defined on the basis 
of the flow rate ratio of buffer gas to diluent gas. The concentration of Hg was determined using mercury gas detector 
tube, sampling from the gas outlet, as shown in Fig.1(a). 
Fig.1. Experiment setup (a) Schematic diagram of TOFMS; (b) Vertical position of focus lens; (c) Tilted position of focus lens.
The objective of the present experiment is to rapidly detect trace heavy metal Hg using laser breakdown time-of-
flight mass spectrometry at a high sensitivity. The lasers with wavelengths of 1064nm, 532nm, and 266nm were
employed to break down the samples and ionize under different pulse energy and pressure conditions to compare the
features of breakdown and ionization process. In order to enhance the detection limit, the focus area was enlarged by
tilting the focus lens. Two positions of focus lens are shown in Fig.1(b) and Fig.1(c). Several buffer gases, N2, Ar and 
He, were also used to examine the ionization process.       
4. Results and discussion
4.1. Influence of fragments using 1064nm, 532nm, and 266nm laser breakdown processes
In practice, trace heavy metals of low concentration are usually enclosed with hydrocarbons and particles or form 
compounds. It is necessary to distinguish the target from intermixture without any interference. The method of laser
breakdown time-of-flight mass spectrometry was employed to eliminate or minimize the fragmentation of the 
intermixture. 
Fig.2 shows the measurement results of hydrocarbon mixture of p-C7H6Cl2, C7H8, C6H5C2H3, p-C8H10, p-
C6H4(C2H5)2 and C6H3(CH3)3 using 266nm and 1064nm breakdown. Laser breakdown time-of-flight mass 
332   Zhen Zhen Wanga et al. /  Procedia Environmental Sciences  18 ( 2013 )  329 – 337 
spectrometry with wavelength 266nm can produce fragmentation, especially for large fragile molecules which will be 
pre-dissociated using 266nm breakdown. Compared to the result of 266nm breakdown with a lot of fragmentation, the 
result of 1064nm breakdown is very distinct without any interference in the mass region of 30-300m/z. The laser 
operated at 532nm and 1064nm was also introduced to break down the hydrocarbon mixture of p-C8H10 and N2 with 
10ppm concentration, the results are shown in Fig.3. The mass range of 30-300m/z is also very clear in both cases. It 
is demonstrated the breakdown of molecules was complete without fragmentation.
Fig.2. Mass spectra of breakdown hydrocarbons using different wavelengths (a) 266nm breakdown; (b) 1064nm breakdown.
Fig. 3. Mass spectra of breakdown hydrocarbons using different wavelengths (a)1064nm breakdown; (b)532nm breakdown.
Applying laser breakdown time-of-flight mass spectrometry to measure trace heavy metal Hg, the samples
employed were the mixtures of mercury, fine particles, and hydrocarbon to prove the applicability of this method to 
practical fields, one consisting of mercury, nitrogen and hydrocarbon p-C8H10, another one consisting of mercury,
helium and fine particles. Different atoms or molecules can be distinguished according to the mass proportionating to
the square of the time of flight. It is facile to detect Hg+ signal without fragmentation even if the low concentration of 
Hg in the mixtures. Fig.4 shows the measurement results of Hg in hydrocarbon using 1064nm breakdown. Hg+ signal 
can be detected without fragmentation of hydrocarbon because of the laser breakdown process as shown in Fig.4(a).
There are several Hg+ signal lines, such as 204, 202, 201, 200, 199 and 198amu, representing the isotopes of Hg, as 
shown in Fig.4(b). The element can be measured precisely, as the method depends on the mass of atom and molecule
with high sensitivity.
Fig.4. Measurement results of Hg using 1064nm breakdown (a) Hg in hydrocarbon; (b) Hg isotopes.
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In the particles of fly ash, the content of Si is much higher than other species.  Fig.5 displays accessible Si signal 
using 532nm breakdown employing He as the buffer gas. In both cases of 1064nm and 532nm breakdown, Hg+ signal 
from mixtures was revealed without the interference.  
 
 
Fig.5. Measurement result of Hg in particles using 532nm breakdown. 
4.2. Pressure dependence of 1064nm and 532nm breakdown 
The pressure dependence of Hg+ signal intensity was measured according to the pressure in test chamber. Fig.6 
shows the pressure dependence with different wavelengths. Under 1064nm breakdown condition, Hg was introduced 
to the jet chamber with the dilution ratio of 2.4. The dilution ratio was the flow rate ratio of buffer gas N2 to diluent 
gas N2 in Fig.1(a). As Fig.6(a) shows, the measurement result presents the signal intensity increased when increasing 
the pressure. In the case of 532nm breakdown, the dilution ratio was 0.08. The pressure dependence of Hg+ signal 
intensity is linear in accordance with the result of 1064nm breakdown, as shown in Fig.6(b). When increasing the 
pressure in test chamber, the number density of ions increases to enhance the signal intensity in both cases. The 
concentration of Hg in the case of 1064nm breakdown was higher than that of 532nm breakdown; however the signal 
intensity was lower under the same pressure condition.  
 
 
Fig. 6. Dependence of Hg+ signal intensity on pressure in test chamber (a) 1064nm breakdown; (b) 532nm breakdown. 
4.3. Laser power dependence of 1064nm and 532nm breakdown 
The power dependence in the cases of 1064nm and 532nm breakdown was detected at the pressure 0.5Pa. The 
variations of Hg+ signal intensity based on the laser power are presented in Fig.7, which indicate Hg+ signal intensity 
increases first and then decreases when increasing the laser power. According to the multiphoton ionization, the signal 
intensity increases as the laser power increases. Under the experimental condition, the laser power exceeding 850mJ/p 
of 1064nm and 40mJ/p of 532nm caused reduction of Hg+ signal intensity. This phenomenon may have occurred 
because of the recombination of Hg ions and elections under high laser power condition. As increasing the laser power, 
more sample of N2 and Hg was broken down and ionized to produce dense ions and electrons. Because of the high 
recombination rate of Hg ions and electrons, Hg+ signal intensity decreased with high laser power. 
Hg with different buffer gases was introduced to the test chamber to verify the phenomenon of recombination, 
such as Ar and He besides N2. Fig.8 displays the dependence of Hg+ signal intensity on the laser power employing 
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different buffer gases. The laser power corresponding to the maximum Hg+ signal intensity increased when using Ar 
as the buffer gas. In the case of He, Hg+ signal intensity increased as the laser power increased under the experimental
condition. The peak shifted due to different recombination rate resulted by different ionization potential of N2, Ar and
He, as shown in Table 1. Because the ionization potential of He is the highest one among these buffer gases, the
minimum He atoms can be ionized to produce electrons. Therefore the recombination rate of Hg ions and electrons
was the lowest under same laser power condition.
Fig.7. Dependence of Hg+ signal intensity on laser power (a) 1064nm breakdown; (b) 532nm breakdown.
Fig.8. Power dependence using different buffer gases .
Table 1. Ionization potential
species Ionization potential (eV)
N2 9.8
N 14.5
Ar 15.8
He 24.6
4.4. Enhancement of the detection limit
Above analysis indicates the measurement results using 532nm breakdown are much more desirable than 1064nm 
breakdown. It is reasonable to enhance the detection limit employing the laser operated at 532nm. The signal intensity 
was positive correlated with the pressure in test chamber, so the sample can be measured at low pressure 0.05Pa. Due
to the influence of recombination of Hg ions and elections on Hg+ signal intensity, one possible method to enhance the
detection limit is to enlarge focus area and decreasing the laser power by tilting the focus lens. Two positions of the
focus lens were determined to compare the Hg+ signal intensity, including the parallel position to the window and 
tilted position. The angles of the focus lens were 0o and 10o respectively. In different positions, the dependence of 
signal intensity on the laser power was also measured, as shown in Fig.9. When tilting the focus lens to enlarge focus 
area, more sample was exposed in the laser beam with diminished laser power, resulting in reduction of ions and
elections density. Because of the recombination of Hg ions and elections, the curves of power dependence shifted to 
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higher laser power area. When further enlarging the focus area, Hg+ signal and N+ signal suffer from a sharp decline.
The appropriate position of focus lens must be determined according to measurement results.
When enlarging the focus area, the laser power corresponding to maximum Hg+ signal intensity shifted to higher
energy area, as Fig.9(a) shows. Fig.9(b) shows the variation of N+ signal intensity through tilting the focus lens. In 
Fig.9(b), N+ signal became saturated around the intensity 1a.u. the laser power corresponding to N+ signal intensity 
also increased as tilting the focus lens. These findings suggest the recombination rate of Hg ions and electrons can be
reduced with appropriate focus condition. Fig.10 shows the mass spectra at different positions of focus lens. Data in
Table 2 confirm this improvement because the ratio of Hg + to N + increased in position 2 to reduce the influence of N2
on Hg+ signal intensity.
Fig.9. Power dependence using 532nm breakdown at different positions of focus lens (a) Hg+ signal; (b) N+ signal.
Fig.10. Mass spectra at different positions of focus lens with laser power 100mJ/p (a) position-1; (b) position-2.
Table 2. The intensity ratio of Hg+/N+ at different positions of focus lens.
Power (mJ/p)
Hg+/N+
Position-1 Position-2
20 3.49 ---
40 0.36 3.19
60 0.11 1.81
80 0.06 0.52
100 0.02 0.32
120 0.01 0.20
150 0.01 0.14
The concentration dependence of Hg+ signal intensity was measured using different dilution ratio samples at 
pressure 0.05Pa, as shown in Fig.11. Hg+ signal intensity was directly proportional to the concentration, indicated by 
the dilution ratio of buffer gas to diluent gas. The concentration was examined using mercury gas detector tube with 
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the dilution ratio of 0.02, sampling point as shown in Fig.1(a). The detection limit of Hg was about 1ppb. As the linear
pressure dependence of Hg+ signal intensity, the detection limit will be enhanced when increasing the pressure.
Fig. 11. Dependence of Hg+ signal intensity on concentration.   
5. Conclusions
Laser breakdown TOFMS method was developed and applied to detect heavy metal Hg in intermixture. This
method features rapid detection without complex sample preparation and better detection limit compared with LIBS.
(1) In order to measure heavy metals from intermixture, such as hydrocarbons and particles, laser breakdown 
process is essential to eliminate or minimize fragmentation from other species. Measurement results employing 532nm 
and 1064nm breakdown display without interference of fragmentation, compared to the laser breakdown process using
266nm. 
(2) The influence of pressure in test chamber on Hg+ signal intensity shows the linear growth when the pressure
increases. As two wavelengths were employed to break down and ionize the sample, the results using 532nm 
breakdown present higher signal intensity than that using 1064nm breakdown. 
(3) Because of the recombination of Hg ions and electrons, power dependence of Hg+ signal intensity increases first
and then decreases using 1064nm and 532nm breakdown. Among the buffer gases, N2, Ar and He, the lowest 
recombination rate using He as buffer gas with highest ionization potential determined the phenomenon of 
recombination of Hg ions and electrons.
(4) Due to the influence of recombination, the method of enlarging focus area and decreasing the laser power
reduce the recombination rate of Hg ions and electrons. It is a proven means to enhance the detection limit with
appropriate focus area.
It is demonstrated the method is significantly desirable to measure heavy metals in intermixture. Further study will
apply this method to these practical applications, such as environmental monitoring system and power plants.
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